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Binary mixtures composed of room-temperature ionic liquids and aprotic dipolar solvents are widely used in
the modern electrochemistry. While these systems exhibit maximum electroconductivity and other changes in
diluted solutions, as confirmed by NMR and vibrational spectroscopic data, there is currently no theory that can
fully explain these phenomena. In current work twelve mixtures of ionic liquids (ILs), in particular 1-butyl-3-
methylimdazolium (Csmim®) with tetrafluoroborate (BFs), hexafluorophosphate (PF¢), trifluoromethanesulfonate
(TFO’) and bis(trifluoromethane)sulfonimide (TFSI’) with molecular solvents such as acetonitrile (AN), propylene
carbonate (PC) or gamma butyrolactone (y-BL) were studied by the molecular dynamics simulation technique.
The local structure of the mixtures was studied in the framework of radial distribution functions (RDFs) and
running coordination numbers (RCNs) that showed the particular behavior in AN and TFSI- systems. For TFSI-
system the presence of two peaks on the RDFs with similar intensities were observed. The mutual arrangement
of cation and anion corresponding to observed on the RDFs interatomic distances were investigated: they
represent the position when the nitrogen atom of the anion is close to the imidazolium ring and when nitrogen
atom of TFSI- not directly interacting with the ring, but instead the oxygen atoms do. The cation-anion
coordination numbers changed for mixtures with AN from ~1.2 to ~3.6, for PC — from 0.6 to 3.0 and for y-BL —
from 0.8 to 3.1 with the increasing mole fraction of the ILs. Also, the association analysis was conducted using
two different distance criteria. The results showed the formation of large clusters at approximately 0.15, 0.20,
and 0.25 IL mole fractions for AN, PC, and y-BL, respectively, based on the first criterion. However, this criterion
tends to overestimate the extent of aggregation. In contrast, the second, stricter criterion indicates that the
formation of large aggregates begins at IL mole fractions similar to where the experimental conductivity curves
reach their maximum. To analyze the transport properties the diffusion coefficients of all the components and
shear viscosity for all binary mixtures were obtained. The diffusion coefficients show good agreement with
experimental data.

Keywords: 1-butyl-3-methylimdazolium, ionic liquids, aprotic dipolar solvents, local structure, transport
properties, ionic aggregation

Introduction

Ionic liquid (IL) mixtures with molecular solvents can be considered as electrolyte solutions, for
which their structure and properties are determined by the balance of types of interactions between all
particles in the solution (cation, anion and solvent), which determine the existence of ionic associates
and high-order aggregates . In this context, the main feature of binary systems based on IL is that the
constituent ions are polyatomic and, as a rule, asymmetric. As a result, the interactions mentioned
above should be considered as anisotropic, having a predominant localization around some molecular
fragment (center of interaction) . Another important feature of these systems in comparison with
ordinary solutions of electrolytes is the complete miscibility of IL with many molecular solvents,
which makes it possible to obtain mixtures corresponding to either a solution of such a liquid in a
molecular solvent or a solution of a molecular solvent in an ionic liquid.

Intermolecular interactions in mixtures of two liquids of different nature can be showed as a
gradual transition from the “first pure liquid” to the “second pure liquid” through intermediate
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compositions. Thus, the task boils down to the following question: which ranges of composition
correspond to the above-mentioned areas, and which intermolecular interactions are decisive .

For pure ILs, there is currently no generally accepted picture of their structure due to the indirect
nature of the methods used. It is widely believed that in the liquid state the structure of imidazolium
ionic liquids is determined by strong interionic Coulomb interactions, which are relatively effectively
shielded away from the central ion (i.e., are quite local). It is also assumed that a significant
contribution is made by the three-dimensional network of hydrogen bonds between counterions . The
strength and structure of this network are determined by the nature (polarizability, polarizing action,
size, etc.) of the anion .

The above-mentioned considerations about the structure of pure components indicate the pres-
ence of two main phenomena in which a redistribution of the equilibrium between possible ion-ion,
ion-molecular and intermolecular interactions can be manifested when the composition changes. These
are ionic association and ionic solvation .

These phenomena can be explained as the gradual breakdown of large ionic aggregates, which are
the fundamental structural units of pure ionic liquids, into smaller aggregates and eventually into ion
pairs. This process occurs as the system transitions from a concentrated ionic liquid to a more dilute
solution. In dilute solutions, ion pairs completely dissociate into "free" ions due to interactions with
the solvent. These interactions can be specific, involving localized ion-molecular interactions, or non-
specific, resulting from the presence of a large amount of solvent that creates an environment similar
to that of a pure solvent. .

The phenomena of ionic association and solvation are manifested at the microscopic level in the
redistribution of electron density in the corresponding areas of interaction and, therefore, in changes in
the corresponding force constants. Among the currently known experimental methods that can detect
such effects, NMR and vibrational (IR and Raman) spectroscopy should be singled out. The first can
reveal information about the change in the electronic microenvironment of each chemically non-equiv-
alent nucleus and the relative location for some nuclei, while the second investigates changes in the
constants of the dipole moment, polarizability, changes in the microenvironment of atoms participat-
ing in the studied vibrational mode .

The association and solvation are also reflected in the “statistical” microstructure of such binary
mixtures. Currently, only various methods of diffraction of X-rays and neutrons can provide
experimental data on the such microstructure in different time and size scales. Also, they are quite
expensive and not always available, as well as difficult from the point of view of data processing. As
well, usually there is only one IL-solvent system under investigation which means that the approach
for studying such objects should be wider and more universal. Molecular dynamics (MD) simulation
can help solve these problems, and this method can also complete the picture with information not
available from experiment .

In this work MD simulation of twelve mixtures of ILs (1-butyl-3-methylimdazolium (C4smim") with
tetrafluoroborate (BFs), hexafluorophosphate (PFs), trifluoromethanesulfonate (TFO’) and
bis(trifluoromethane)sulfonimide (TFSI)) with molecular solvents (acetonitrile (AN), propylene
carbonate (PC) or gamma butyrolactone (y-BL)) of six IL mole fractions were performed. The
molecular structures of the objects are presented at Figure 1. The microstructure, clusterization and,
finally, the transport properties of the systems have been studied.
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Figure 1. Structure of the ions and molecular solvents considered in this study
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Methodology

Details of molecular dynamics simulation. MD simulations have been performed at the temperature
of 298.15 K. To set the size of the cubic simulation box, a short (i.e., 1 ns) run has been performed on
the isothermal-isobaric NPT ensemble at 1 bar. All simulations have been carried out using the
GROMACS 2019.4 software package . The temperature and the pressure have been kept constant by
means of the velocity-rescaling thermostat with the relaxation time of 0.1 ps, and the Berendsen
barostat with the relaxation time of 0.5 ps, respectively. Equations of motion have been integrated
using the leap-frog algorithm with a time-step of 0.5 fs. All interactions have been truncated to zero
beyond the center-center cut-off distance of 1.2 nm. The long-range part of the electrostatic interaction
has been accounted for by the particle mesh Ewald method , while that of the Lennard-Jones
interaction has been treated by the conventional shifted force technique. The Lennard-Jones
parameters corresponding to unlike pairs of atoms have been calculated by the standard Lorentz-
Berthelot combination rules . After equilibrating the systems in the NPT ensemble, simulations of
10 ns have been performed in the NVT ensemble using the equilibrium density obtained from the
constant pressure run. Each set of systems was simulated five times, starting from independently
generated random configurations. These parallel calculations were then used to average the data for all
structural and transport properties. The last 1 ns of the trajectories from these simulations were used
for detailed structural analyses, while the full 10 ns trajectories were utilized for calculating transport
properties.

The simulations of the binary mixtures (total of twelve systems) of four ILs of Csmim" cation with
different anions (BF4, PFs, TFO™ and TFSI) in three aprotic dipolar molecular solvents (AN, PC and
y-BL) have been performed. Six different compositions of the mole fraction of the ILs from 0.05 to
0.30 for each binary mixture were selected in a way that the total number of ion pairs for each
composition was always equal to 100. The number of the different particles of the ILs in the simulated
systems are collected in Table 1.

Table 1. Composition of the systems simulated.

IL mole fraction Number of cations Number of anions Number of solvent
molecules
0.05 1900
0.10 900
0.15 566
0.20 100 100 400
0.25 300
0.30 232

The ILs have been described by the potential model of Mondal and Balasubramanian [38-39],
while for the solvent molecules the potential model of Koverga et al. [40-41] has been used.
According to classical MD formalism, these potential models have the following functional form of
the total potential energy:

bonds k . 5 angles k& " ) dihedral 5 n
— Yy i
Ui = ZT(@_”OJ) t 2 T(Hi/k_e(),iik) + 2, 2C, (eos(v)) +
i ik ik n=0
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where £ is the force constant for bond stretching (), angle bending (8), torsion (¢), respectively, ¢ and
o are the Lennard-Jones energy and the distance parameters, respectively, and ¢ stands for the
fractional charges of the interaction sites. For torsion angle w,,, =180° —¢,, . Indices i, j, k and / run
through the interaction sites of the particles, while the subscript ‘0’ refers to the equilibrium value of

the bond lengths and angles. The potential model of ILs can be regarded a refinement of the CLaP
force field [42-44]. Thus, while the bond and angle parameters have been retained, the torsional
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parameters have been adapted to the Ryckaert-Bellemans analytical expression . Further, the charge
distribution of the ions has been optimized in order to improve the agreement with the experimental
thermodynamic and transport properties of the studied ILs. Thus, the ions of the IL carry a net charge
that depends on the anion [38-39]. The potential models used here were previously validated by their
ability of reproducing the basic experimental physicochemical properties of the systems [38-39].

Aggregate analysis. To study the association of ions, it is essential to establish a criterion by which
two ions can be considered part of the same aggregate, cluster, or associate. Such a criterion was
proposed in different works [46-47] as the distance between coordination centers of respective ions.
Thus, two ions were considered to belong to the same associate if their respective centers are located
at the equal or lower distance that was chosen as a criterion from each other .

After the definition of the criterion, the neighbor list of each cation and anion was determined for
each configuration during the simulation at each timestep. The obtained neighbor list was later used to
establish the connectivity between ions in the system. Important to note that mainly differently
charged ions are coordinating around each other (anions around cations and vice versa). This means
that the resulting clusters are constructed from the ions of altering charge that have the distance
between them that fulfill the determined criterion.

Finally, the statistical analysis was applied to determine the characteristics of clusters. One of such
statistical functions can be a size distribution of the aggregates P(n). It shows the probability of
finding an ion in an aggregate of size n:

n2.4,(J)
P(n)=—"— 2)
CN
where 4,(j) is the number of aggregates of size n for a given configuration j, C is the total number of
configurations acquired during the simulation, N is the total number of cations and anions combined in
the simulation box.

To better represent the results of the clusterization the average number of association 7 can be
obtained. In general case, one can calculate it as follows:

_ N
n=) nk(n) 3)
i=1
Aggregate analysis has been performed by AGGREGATES 3.2.0 software package .

Transport properties. The coefficient of translational self-diffusion of atoms (molecules, ions) in a
liquid can be found using the Green-Kubo relation:

.
D =§£CW (¢)dt. 4)

For the viscosity a nonequilibrium periodic perturbation method has been used . To sum it up,
molecular dynamic simulation is carried out in the 3D periodic cell with the external force in x
direction a(z). According to the Navier-Stokes’s equation:

ou
p8—+p(u-V)u:pa—Vp+nV2u, )
t
where u is the velocity of the liquid, p is pressure of the fluid, p is the density of the fluid, # is time, 7 is
viscosity. Because force is applied only in the x direction, the velocity along y and z will be zero:
ou (Z) o’u (z)
p———==pa, (z)+n—-=>. (6)
ot ( ) oz’

The velocity profile as well as acceleration should be periodic because of the periodic system in the
simulations. Thus, the cosine function can be used for this purpose:

a,(z)=Acos(kz), (7)
2w
k A )

z
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where /. is the height of the box, A is the acceleration amplitude of the external force. The viscosity
then can be obtained:

n=—-—. ©)

The measured viscosity greatly depends on the parameter A. To obtain the viscosity at zero
acceleration few viscosities for different accelerations should be obtained. Then plotting the viscosities
versus the amplitudes allows to obtain shear viscosity for A=0 via extrapolation.

Results and discussion

Structural properties. With the aim to study the cation-anion interaction, the interionic radial
distribution functions (RDFs) and running coordination numbers (RCNs) of IL-solvent binary
mixtures were analyzed. To fully consider these interactions the respective atoms for cations and
anions should be chosen. Also, these points in space need to take into consideration all the
coordination centers of cations and anions at once. For the Cymim" , the most positive charge is
localized at the hydrogen sites around the imidazolium ring. Given this fact the center of the ring
(CoR) is usually chosen as a reference point for the analysis [51-53]. Due to different structure, shape
and symmetry of the anions their positions (X) for the analysis will be the follows: B atom in BF4, P
atom in PF¢, middle of the C-S bond in TFO (takes into account both O and F coordination sites) and
N atom in TFSI (takes into account N, O and F coordination sites).

The interionic RDFs for all IL-solvent binary mixtures for all simulated systems are shown in
Figure 2.

Here the similar curves were obtained for all IL mole fractions, meaning the positions of the
peaks and minima do not depend on the concentration of the IL. Furthermore, their positions do not
vary at all for the same IL in different solvents. The first maxima for various anions occur at 0.49 nm
(BFs), 0.51 nm (PF¢) and 0.52 nm (TFO"). For the TFSI" anion the situation is more complicated as
there are two peaks at relatively low distances, 0.44 nm and 0.62 nm respectively. Also, these peaks
have lower intensity comparing to other ILs. The first maximum in this case corresponds to the CoR-N
interaction when N atom is located directly near the center of the ring or the H-atoms of the ring (the
distances in both cases are similar). At the same time the second peak indicates the CoR-N interaction
when N atom of TFSI™ not directly interacting with the ring, but instead the oxygen atoms do. The
example snapshot from the MD simulation trajectory files was obtained via VMD program package
(Figure 3). These findings prove the quantum chemical calculations from the literature data . The first
minima of RDFs for various anions are as follows: 0.70 nm (BF,), 0.74 nm (PFs), 0.73 nm (TFO’) and
0.77 nm (TFSI'). The behavior of the intensities of the peaks also changes in different ILs-solvent
combinations. For all systems with AN the intensity becomes lower with the increasing of the ILs
mole fraction. Also, for TFSI™ system these changes are the lowest. Similar situation can be observed
for all PC-containing systems where peak intensity do not change with the mole fraction of the ILs.
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Figure 2. Cation-anion (CoR-X) radial distribution functions of the mixtures at various mole fraction
of ionic liquid. The position of the cation is described with center of imidazolium ring. The positions
of anions (X) are: B atom in BF4, P atom in PFs, middle of the C-S bond in TFO™ and N atom in
TFSI'. The vertical dashed and dotted lines correspond to the first and criterion, respectively, for
aggregation analysis.

Figure 3. Example of (Csmim(TFSI),) associate in one of the C;mimTFSI system

The RCNs between cations and anions for all IL-solvent binary mixtures for all the systems
simulated are presented in Figure 4.
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Figure 4. Cation-anion (CoR-X) running coordination numbers of the mixtures at various mole
fraction of ionic liquid. The position of the cation is described with center of imidazolium ring. The
positions of anions (X) are: B atom in BF4, P atom in PF¢, middle of the C-S bond in TFO™ and N
atom in TFSI. The vertical dashed and dotted lines correspond to the first and second criteria
respectively, used for aggregation analysis.

The expected increase of the coordination number of the anion around the cation with the IL mole
fraction increase can be observed at all of the graphs. The values of the coordination numbers however
depend on the solvent. E.g., for AN it varies from ~1.2 (0.05 mole fraction of IL) to ~3.6 (0.30 mole
fraction of IL), for PC — from 0.6 to 3.0 and for y-BL — from 0.8 to 3.1 for all ILs. The coordination
numbers of AN system being the biggest indicate the lowest among other solvent molecules dipole
moment and as a result the weakest ion-solvent interaction in these systems, meaning with the ILs
fraction increase the AN molecules are actively replaced with the anions in the cation first
coordination sphere. Also, in the case of all TFSI™ systems the curves values do not increase until at
bigger distances.

Aggregate analysis. The ionic aggregates existence was analyzed via two different criteria. First
criterion is the first minimum on the cation-anion RDF (Figure 2). This distance shows the border for
the first coordination sphere where all of the anions are in strong interaction with the Cysmim" cation.
As a second criterion the minimum on the second derivative of the RCN curve was proposed
(Figure 5).
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This minimum marks the point where the RCN curve transitions to a plateau following an initial
rapid increase. It is slightly shifted from the first peak in the RDF, or the second peak in systems
containing the TFSI" anion, as explained in the previous section. The values of the distances for this
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criterion are next: 0.53 nm (BF,), 0.56 nm (PF¢), 0.57 nm (TFO") and 0.69 nm (TFSI).

The results of the clusters formation probability for all mixtures of all mole fractions can be found

in Figures 6-17 for the first and second criteria respectively.

Figure 6. Probability distributions of aggregate sizes with first (left) and second (right) criterion of the

CsmimBF, in AN binary mixture at various mole fraction of ionic liquid.
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Figure 7. Probability distributions of aggregate sizes with first (left) and second (right) criterion of the
CsmimBF, in PC binary mixture at various mole fraction of ionic liquid.

()a

Figure 8. Probability distributions of aggregate sizes with first (left) and second (right) criterion of the
CsmimBF; in y-BL binary mixture at various mole fraction of ionic liquid.

Figure 9. Probability distributions of aggregate sizes with first (left) and second (right) criterion of the
CsmimPFg in AN binary mixture at various mole fraction of ionic liquid.
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Figure 10. Probability distributions of aggregate sizes with first (left) and second (right) criterion of
the CsmimPF; in PC binary mixture at various mole fraction of ionic liquid.

Figure 11. Probability distributions of aggregate sizes with first (left) and second (right) criterion of
the CsmimPFs in y-BL binary mixture at various mole fraction of ionic liquid.

Figure 12. Probability distributions of aggregate sizes with first (left) and second (right) criterion of
the CsmimTFO in AN binary mixture at various mole fraction of ionic liquid.
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Figure 13. Probability distributions of aggregate sizes with first (left) and second (right) criterion of
the C;mimTFO in PC binary mixture at various mole fraction of ionic liquid.
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(ya

Figure 14. Probability distributions of aggregate sizes with first (left) and second (right) criterion of
the CsmimTFO in y-BL binary mixture at various mole fraction of ionic liquid.
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Figure 15. Probability distributions of aggregate sizes with first (left) and second (right) criterion of
the C;mimTFSI in AN binary mixture at various mole fraction of ionic liquid.
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Figure 16. Probability distributions of aggregate sizes with first (left) and second (right) criterion of
the CsmimTFSI in PC binary mixture at various mole fraction of ionic liquid.

Figure 17. Probability distributions of aggregate sizes with first (left) and second (right) criterion of
the CsmimTFSI in y-BL binary mixture at various mole fraction of ionic liquid.

The aggregates increase in size with the increasing of the IL mole fraction for each system. The
small clusters are dominating in the most diluted systems when using the first criteria. As the mole
fraction of IL increases up to 0.10 for AN mixtures, 0.15 for PC mixtures, and 0.20 for y-BL mixtures,
transition systems are formed in which a large number of aggregates of different types are present.
With the further increase of mole fraction of the ILs all the systems start to form large aggregates that
include most of the ions in the mixture can be observed. The existence of such huge continuous polar
network, however, still allows small clusters or even isolated ions to exist in systems. Most probably
these small aggregates lose the connectivity with the huge cluster, but their low probabilities of
formation prove that it is a temporary phenomenon. At the highest observed concentration,
nevertheless, the ions are part of one massive associate.

It shows that at the first distance criterion (minimum on the interionic RDF) the aggregate
formation is overestimated in the mixture as there are no charge carriers left in this case and thus there
should be no conductivity at these mole fraction of the ILs. However, the experimental results show
otherwise [55-58].

As for the second criteria, it shows that transition to the massive association occurs only at the
highest IL. mole fraction of 0.30 (for TFSI" — at 0.20-0.25). However, for the binary mixtures with AN
the tendency for larger clusters formation appears at lower IL mole fraction compared to PC and y-BL
mixtures. This shows that AN demonstrates a weaker ion-solvent interaction, allowing ions at lower
concentration form a continuous polar network regardless of the chosen criteria.

17



D. S. Dudariev, Y. V. Kolesnik, A. Idrissi, O. N. Kalugin

To better illustrate the clusterization processes the average numbers of associations were obtained
for all systems (Figure 18). The figure displays in more compact way the same results that were
discussed earlier. Here for the first criterion ions in AN systems form massive aggregates at 0.15 mole
fraction of ILs already, in y-BL and PC mixtures — at 0.20 and 0.25 respectively. For the second
criterion the ions in the systems are separated from each other or forming small aggregates until
~0.15-0.20 mole fraction of the ILs. After that value of mole fraction ILs in mixtures tend to form
bigger aggregates. For the BF,” PFs and TFO™ in PC this trend is not so pronounced. The massive
aggregation process occurs only in TFSI™ systems for the second criterion and only at highest
concentration of 0.30. The AN systems at this concentration at the transition stage, however for the
CsmimTFSI in AN mixture almost all ions are part of the big associate even at the mole fraction of ILs
of 0.25.
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Figure 18. Average numbers of association with first minima on the RDFs (1st criteria) and with the
minima on the second derivative on the RCN (2nd criteria) of the mixtures at various mole fraction of
ionic liquid.

Nernst-Einstein relation postulates that conductivity depends on the concentration of the charge
carriers in the solution :
eZ
Vk,T
where e is the elementary charge, kz — Boltzmann constant, /' — volume of the system, 7'— temperature
of the system, z. — charge of the ion, N. — number of cations and anions.

Ionic aggregation reduces its concentration and effectively causes the drop in the conductivity
value. As seen from the Figure 18, the mole fractions of rapid increase in the aggregates formation are
the same as the conductivity maxima are located: at ~0.10 for AN systems and at ~0.20 for PC and y-
BL ones [55-58].

Transport properties. The diffusion coefficients and shear viscosities were obtained for all the IL
mole fractions for all systems. The results are presented at Figures 19 and 20 respectively.

K (N.Z2D.+N 2’D-) (10)
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Figure 19. Diffusion coefficients for cation, anions and solvent molecules in comparison with the experimental
data of the mixtures at various mole fraction of ionic liquid.

The diffusion coefficients were compared to the experimental data for cations and solvent
molecules (and also for anions for the systems with PF¢) . For the binary mixtures with AN the
obtained coefficients are very close to the experimental ones for all of the components of the analysis.
For the systems with PC and y-BL the obtained diffusion coefficients have in general higher values
comparing to the experiment by 20%, especially for the higher concentrations.

For all systems the diffusion coefficients of the solvent molecules are higher than of the cation or
anions, while the latter are close to each other for almost all systems and IL mole fractions. Also, the
coefficients of the components in the systems with AN molecules are 3-5 times higher than with other
two solvent molecules. For all PC systems the general trend is almost similar diffusion coefficient for
anion and solvent molecule. For the CsmimBF, in PC simulated system the anion diffusion coefficient
is even higher in the most diluted solution. On the other hand, this behavior cannot be observed in the
experimental data.
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Figure 20. Viscosities of the mixtures at various mole fraction of ionic liquid

The viscosities at Figure 20 are increasing with the IL mole fraction increase by a non-linear
dependance. Although, the values for all systems do not show any drastic changes at respective mole
fractions where the experimental conductivity has maximum.

As the Nernst-Einstein relation shows (Equation 10), not only concentration of the charge carriers
influence the conductivity but the diffusion coefficients as well . The behavior of calculated diffusion
coefficients from the simulation for ions is in agreement with this statement.
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Conclusions

In current work twelve ILs (Csmim* with BF,, PFs, TFO and TFSI) with molecular solvents
(acetonitrile, propylene carbonate, and gamma butyrolactone) binary mixtures were studied by the
molecular dynamics simulation technique.

The microstructure of the mixtures was studied in the framework of radial distribution functions
and running coordination numbers. The RDFs and RCNs show the particular behavior in AN and
TFSI" systems. For TFSI- system the cation-anion (CoR-N) RDFs curves showed two peaks with
similar intensities. It was shown that they represent the position when the nitrogen atom of the anion is
close to the imidazolium ring and when nitrogen atom of TFSI" not directly interacting with the ring,
but instead the oxygen atoms do. The cation-anion coordination numbers changed in similar values for
the same ionic liquids in different solvents: for AN it varies from ~1.2 to ~3.6, for PC — from 0.6 to
3.0 and for y-BL — from 0.8 to 3.1 with the increasing mole fraction of the ILs. Also, data obtained
were used to conduct a quantitative aggregate analysis with two different distance criteria (first
minimum of RDF and minimum of the second derivative of the RCN respectively) to compare the
results with each other. The analysis with the first criterion shows the formation of the massive cluster
at ~0.15, 0.20 and 0.25 IL mole fraction for AN and for with y-BL respectively. Thus, this criterion
seems to overrate the aggregation process in the mixtures. With the second, shorter distance criterion
the formation of big aggregates in the systems starting to occur at the same mole fractions of the ILs
where the experimental conductivity curves change their behavior and the maximum occurs. It proves
that the reason of such drastic changes in the conductivity particular lies in the local structure of the
ILs and solvent molecules.

To evaluate the transport properties, we obtained the diffusion coefficients for all components and
the shear viscosity for all binary mixtures. The diffusion coefficients closely align with experimental
data, demonstrating excellent accuracy, particularly for systems containing AN. Although the viscosity
measurements did not reveal any distinct trends at the mole fraction range of ILs corresponding to the
experimental conductivity maximum, these findings provide valuable insights into the complex
interactions within these mixtures.
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0.c. ,D,yuapeB", A.B. Konechuk', A. lapicci ", O.M. Kanyrin". MonekynsapHo-guHamMiyHe A0CHIAKEHHS IOHHUX PiaunH
Ha OCHOBI iMiga30nito Ta MOMEKYNAPHMUX PO3YMHHUKIB: MIKPOCTPYKTypa Ta TPaHCMOPTHI BNaCTUBOCTI

"Xapkiecbkuli HauioHanbHUl yHieepcumem imeHi B.H. KapasiHa, ximidHul ¢bakynsmem, maidaH Cgo6odu, 4,
Xapkis, 61022, YkpaiHa

+YHiBepCI/ITeT Jlinto, CNRS UMR 8516 -LASIRe - Laboratoire Avancé de Spectroscopie pour les Interactions la
Réactivité et I'environnement, 59000 Jlinb, ®paHuisa

BiHapHi cymiLi, WO cknagatTbCH 3 IOHHUX PIAWH MPU KIMHATHIA TeMnepaTtypi Ta anpOTOHHUX AUMNOSNSPHUX
PO3UYMHHUKIB, LUMPOKO BUMKOPUCTOBYKTLCS B CyYacHil ernekTpoximii. Xova Ui CUCTEMM [EMOHCTPYIOTb
MaKCUMYMW eNeKTPOonpoBiAHOCTI Ta iHWi 0cOBNUBOCTI B po3BEAEHNX po34MHax, nigTBepaxeHi AaHumm AMP i
BiOpauiiHOi crnekTpockonii, Ha CbOroAHIlWHIN AeHb BiOCYTHA Teopis, sika morna 6 nosicHUTU ui sieMwa. Y
OaHin poboTi MeTogoM MOMNEKYNsipHO-ANMHAMIYHOrO MOAENOBaHHA OOCNIAXEHO ABaHAAUSATb CyMillen iOHHUX
piamH  (IP)  3okpema  1-6ytun-3-metunimgasonito  (C.mim*) 3  TeTpadnyopbopatom  (BF.),
rekcaconyopgoccatom (PFg), TpucdnyopmetaHcynbgoHatom (TFO") i Gic(TpudnyopmeTtaH)cynbdhoHiMigom
(TFSI')), y noegHaHHi 3 MOMEKYNSAPHUMM PO3YMHHMKaMK, TakuMmn sk aueToHiTpun (AN), nponineHkapboHat
(PC) abo ramma-6ytmponaktoH (y-BL). JlokanbHy CTpyKTypy CyMillen gocnigxysanu 3a AoNOMOror yHkuin
pagianbHoro posnoginy (®PP) Ta notouyHmx koopauHauiinux uyucen (MKY), wo BuABmMnmM ocobnuBocCTi
nosegiHkn B cuctemax 3 AN Ta TFSI". Ina cuctemn 3 TFSI- cnocTepiranucs gea niku Ha ®PP 3 ogHakoBoto
iHTeHCUBHICTIO. Byno gocnigxeHo B3aeMHe po3TallyBaHHSA KaTiOHIB Ta aHiOHIB, dKe BiANOBiAaE MiKaTOMHUM
BiACTaHsAM, WO cnocTepiraloTecss Ha ®OPP: BoHM BigobGpaxalTb KOHirypauii, kKonu atom as3oTy aHioHy
3HaxoauTbcs Nobnuay imigasonieBoro kinbls, i konv atom as3oTy TFSI- 6Ge3nocepenHbo He B3aemogie 3
KinbLeMm, HaTOMIiCTb Le pobnsaTb aToMu KUCHK. KaTioH-aHiOHHI KoopAMHauiiHi Yucna 3MiHBanucs ang
cymiwen 3 AN Big ~1,2 po ~3,6, ona PC — Big 0,6 po 3,0 Ta ans y-BL — Big 0,8 go 3,1 3i 36inbweHHsaM
monspHoi yactku IP. Kpim Toro, aHani3a acouiauii 6yB npoBeeHnn 3 BUKOPUCTaHHAM OBOX Pi3HUX KpUTepiiB
BiACTaHi. Pe3ynbTatn nokasanu yTBOpeHHS Benukux knactepis npu npnbnusHo 0,15, 0,20 ta 0,25 monbHuX
yacTkax ioHHoi pignHu ana AN, PC Tta y-BL BignoBigHoO, Ha OCHOBI nepLuoro kpuTepito. OgHak uew kputepin
Ma€e TeHAEeHUil nepeouiHBaTM CTyMiHb arperauii. Ha BigMiHy Big HbOro, Apyrui, CyBOpPIlUMIA KpuUTepin
BKa3ye, L0 YTBOPEHHS BENUKWUX arperaTtiB NMOYMHAETLCS NMPU MOJSIbHUX YacTkax iOHHOI pianHW, NoAibHUX Ao
TUX, [[€e eKCnepuMeHTalnbHi KpuBi MPOBIAHOCTI JocArawTb Makcumymy. [ns aHanisy TpaHCnopTHUX
Bnactusocten Oynu oTpumaHi koediuieHTV AMdY3ii BCIX KOMMOHEHTIB Ta B'A3KICTb ANs BCix GiHapHMX
cymiwein. KoediuieHTn andysii fobpe y3roaxyoTeCa 3 eKkcnepuMeHTanbHUMU AaHUMMN.

Knroyoei cnoea:. 1-6ymun-3-memunimOasonit, ioHHi piOuHU, anpoOmoOHHI OunOnsapHi PO3YUHHUKU,
JflI0KanbHa cmpykmypa, mpaHCropmHi eracmugocmi, ioHHa agpeaauis
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	Here the similar curves were obtained for all IL mole fractions, meaning the positions of the peaks and minima do not depend on the concentration of the IL. Furthermore, their positions do not vary at all for the same IL in different solvents. The first maxima for various anions occur at 0.49 nm (BF4-), 0.51 nm (PF6-) and 0.52 nm (TFO-). For the TFSI- anion the situation is more complicated as there are two peaks at relatively low distances, 0.44 nm and 0.62 nm respectively. Also, these peaks have lower intensity comparing to other ILs. The first maximum in this case corresponds to the CoR-N interaction when N atom is located directly near the center of the ring or the H-atoms of the ring (the distances in both cases are similar). At the same time the second peak indicates the CoR-N interaction when N atom of TFSI- not directly interacting with the ring, but instead the oxygen atoms do. The example snapshot from the MD simulation trajectory files was obtained via VMD program package (Figure 3). These findings prove the quantum chemical calculations from the literature data . The first minima of RDFs for various anions are as follows: 0.70 nm (BF4-), 0.74 nm (PF6-), 0.73 nm (TFO-) and 0.77 nm (TFSI-). The behavior of the intensities of the peaks also changes in different ILs-solvent combinations. For all systems with AN the intensity becomes lower with the increasing of the ILs mole fraction. Also, for TFSI- system these changes are the lowest. Similar situation can be observed for all PC-containing systems where peak intensity do not change with the mole fraction of the ILs.
	
	Figure 2. Cation-anion (CoR-X) radial distribution functions of the mixtures at various mole fraction of ionic liquid. The position of the cation is described with center of imidazolium ring. The positions of anions (X) are: B atom in BF4-, P atom in PF6-, middle of the C-S bond in TFO- and N atom in TFSI-. The vertical dashed and dotted lines correspond to the first and criterion, respectively, for aggregation analysis.
	
	Figure 3. Example of (C4mim(TFSI)2)- associate in one of the C4mimTFSI system
	The RCNs between cations and anions for all IL-solvent binary mixtures for all the systems simulated are presented in Figure 4.
	
	Figure 4. Cation-anion (CoR-X) running coordination numbers of the mixtures at various mole fraction of ionic liquid. The position of the cation is described with center of imidazolium ring. The positions of anions (X) are: B atom in BF4-, P atom in PF6-, middle of the C-S bond in TFO- and N atom in TFSI-. The vertical dashed and dotted lines correspond to the first and second criteria respectively, used for aggregation analysis.
	Aggregate analysis. The ionic aggregates existence was analyzed via two different criteria. First criterion is the first minimum on the cation-anion RDF (Figure 2). This distance shows the border for the first coordination sphere where all of the anions are in strong interaction with the C4mim+ cation. As a second criterion the minimum on the second derivative of the RCN curve was proposed (Figure 5).
	
	The results of the clusters formation probability for all mixtures of all mole fractions can be found in Figures 6-17 for the first and second criteria respectively.
	Figure 17. Probability distributions of aggregate sizes with first (left) and second (right) criterion of the C4mimTFSI in -BL binary mixture at various mole fraction of ionic liquid.
	Nernst-Einstein relation postulates that conductivity depends on the concentration of the charge carriers in the solution :
	(10)
	Ionic aggregation reduces its concentration and effectively causes the drop in the conductivity value. As seen from the Figure 18, the mole fractions of rapid increase in the aggregates formation are the same as the conductivity maxima are located: at ~0.10 for AN systems and at ~0.20 for PC and -BL ones [55-58].
	Figure 19. Diffusion coefficients for cation, anions and solvent molecules in comparison with the experimental data of the mixtures at various mole fraction of ionic liquid.
	Figure 20. Viscosities of the mixtures at various mole fraction of ionic liquid
	As the Nernst-Einstein relation shows (Equation 10), not only concentration of the charge carriers influence the conductivity but the diffusion coefficients as well . The behavior of calculated diffusion coefficients from the simulation for ions is in agreement with this statement.
	Conclusions
	To evaluate the transport properties, we obtained the diffusion coefficients for all components and the shear viscosity for all binary mixtures. The diffusion coefficients closely align with experimental data, demonstrating excellent accuracy, particularly for systems containing AN. Although the viscosity measurements did not reveal any distinct trends at the mole fraction range of ILs corresponding to the experimental conductivity maximum, these findings provide valuable insights into the complex interactions within these mixtures.

